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Introduction {#pbi13322-sec-0001}
============

The transition from vegetative stage to reproductive growth which is probably the most critical event in the life cycle of a flowering plant is triggered by a variety of both exogenous and endogenous cues (Boss *et al.*, [2004](#pbi13322-bib-0005){ref-type="ref"}). In *Arabidopsis thaliana*, four major regulatory pathways (photoperiod, vernalization, gibberellin and autonomous) act to determine floral transition (Mouradov *et al.*, [2002](#pbi13322-bib-0044){ref-type="ref"}). The photoperiod pathway combines a set of photoreceptors, circadian clock proteins and an output pathway (Simpson and Dean, [2002](#pbi13322-bib-0054){ref-type="ref"}).

CONSTANS‐LIKE 1 (CO, BBX1), a transcription factor belonging to the BBX family of proteins containing a CCT domain (nuclear localization signal), provides a key link between the circadian clock and the floral integrator FT (Andrés and Coupland, [2012](#pbi13322-bib-0003){ref-type="ref"}). BBXs participate in many plant regulatory networks, ranging from seedling photomorphogenesis to stress response (Gangappa and Botto, [2014](#pbi13322-bib-0018){ref-type="ref"}). The *A. thaliana* BBX proteins have been categorized into five groups, while they all harbour a conserved B‐box domain, some members also have a CCT domain (Datta *et al.*, [2006](#pbi13322-bib-0012){ref-type="ref"}), and *BBX4*, *BBX20*, *BBX21* and *BBX22* can promote light morphogenesis (Chang *et al.*, [2008](#pbi13322-bib-0007){ref-type="ref"}; Datta *et al.*, [2007](#pbi13322-bib-0013){ref-type="ref"}). Conversely, *BBX18*, *BBX19*, *BBX24*, *BBX25* and *BBX32* can inhibit plant photoperiodism (Gangappa and Botto, [2014](#pbi13322-bib-0018){ref-type="ref"}; Holtan *et al.*, [2011](#pbi13322-bib-0027){ref-type="ref"}). Overexpression of *AtBBX7* (*COL9*) induces a delay in flowering under long‐day (LD) conditions through its repression of *FT* (Cheng and Wang, [2005](#pbi13322-bib-0008){ref-type="ref"}; Imtiaz *et al.*, [2015](#pbi13322-bib-0029){ref-type="ref"}). *AtBBX10* (*COL12*) delays flowering by repressing CO protein activity (Ordoñez‐Herrera *et al.*, [2017](#pbi13322-bib-0046){ref-type="ref"}), while the functions of BBX family members in the groups II (BBX7‐13) are largely unknown in other plants.

In plants, flowering is tightly controlled by the integration of various exogenous and endogenous signals, including light, temperature and the age of the plant. The FT‐like clade of plant phosphatidylethanolamine‐binding proteins (PEBPs) including a number of important regulators integrates these signals, which regulate photoperiod‐dependent flower development in different angiosperm species are now well‐known. In the facultative LD plant *A. thaliana*, the *FT* transcripts in the leaves are activated by CO only under LD conditions (An *et al.*, [2004](#pbi13322-bib-0002){ref-type="ref"}). The FT protein is generated in the phloem and transported from thence to the shoot apical meristem (Corbesier *et al.*, [2007](#pbi13322-bib-0010){ref-type="ref"}; Endo *et al.*, [2018](#pbi13322-bib-0016){ref-type="ref"}). In the meristem, FT interacts with the bZIP transcription factor FD to promote flowering by activating the expression of floral meristem identity genes such as APETALA1 (Jaeger and Wigge, [2007](#pbi13322-bib-0030){ref-type="ref"}; Wigge *et al.*, [2005](#pbi13322-bib-0061){ref-type="ref"}). In rice, a facultative short‐day (SD) plant, the initiation of flowering requires the presence of the FT homolog HD3a, whereas under LD conditions, flowering is initiated by the FT homolog RFT1 (Kojima *et al.*, [2002](#pbi13322-bib-0034){ref-type="ref"}; Komiya *et al.*, [2009](#pbi13322-bib-0036){ref-type="ref"}).

Chrysanthemum varieties which flower in the fall act as SD plants, while the summer chrysanthemum flowers under both LDs and SDs (Sun *et al.*, [2017](#pbi13322-bib-0056){ref-type="ref"}). The chrysanthemum genome contains three *FT*‐like genes: *CsFTL3* functions under SD conditions (Oda *et al.*, [2011](#pbi13322-bib-0045){ref-type="ref"}), and *CmFTL2* is also active during the process of floral transition under SD conditions and much more strongly induced than either *CmFTL1* or *CmFTL3* by sucrose treatment (Sun *et al.*, [2017](#pbi13322-bib-0056){ref-type="ref"}); although FTL1 has been suggested to act as an LD florigen analogously to RFT1 in rice, the consequence of its constitutive expression in the SD cultivar cv. 'Jinba' implies that it has only weak florigenic activity (Higuchi *et al.*, [2013](#pbi13322-bib-0025){ref-type="ref"}; Mao *et al.*, [2016](#pbi13322-bib-0043){ref-type="ref"}). Its function in summer‐flowering chrysanthemum cultivars is unknown.

In the current study, the focus was placed on characterizing the gene *CmBBX8*, which is a subgroup II gene. Its function has not been reported. The experiments showed that the transcription of *CmBBX8* followed a diurnal rhythm and that the gene was particularly strongly transcribed in the leaves of vegetative plants. Its gene product was deposited in the nucleus, and the segment of the protein lying between the B‐box and the CCT domain was found to have transcriptional activity. In *Arabidopsis thaliana*, BBX7 and BBX8 have highest homology (Gangappa and Botto, [2014](#pbi13322-bib-0018){ref-type="ref"}). To our surprise, overexpression of *CmBBX8* accelerated flowering, which was opposite to the role played by *BBX7* in Arabidopsis. Further analysis showed that CmBBX8 was a floral activator in the photoperiod pathway. It accelerated flowering by targeting *CmFTL1* directly to induce its expression. The flowering function of *CmFTL1* under LD conditions is further validated with the transgenic summer‐flowering cv. 'Yuuka'. The intention of the research was to improve the understanding of the control of the floral transition in summer‐flowering Chrysanthemum, with a view to using molecular breeding for varietal improvement in this valuable ornamental species.

Results {#pbi13322-sec-0002}
=======

Isolation of chrysanthemum *BBX8* {#pbi13322-sec-0003}
---------------------------------

To explore the function of *BBX* genes in summer chrysanthemum, the *BBX8* sequence was isolated from 'Yuuka' comprising a 1104 bp open reading frame (ORF), predicted to encode a 367‐residue polypeptide. Its deduced polypeptide sequence shared between 54.3% and 97.6% similarity with BBX proteins produced by a range of plant species and included a highly conserved two B‐box domain in its N terminus and a CCT domain in its C terminus, a characteristic of BBX group II proteins (Figure [1](#pbi13322-fig-0001){ref-type="fig"}a). A phylogenetic analysis confirmed its close relatedness with the *A. thaliana* group II BBXs, most strongly so with AtBBX8 (Figure [1](#pbi13322-fig-0001){ref-type="fig"}b). On this basis, the gene was designated *CmBBX8*.

![Characterization of the CmBBX8 polypeptide sequence. (a) Alignment of the deduced polypeptide sequences of CmBBX8 with those of other plant BBXs. Red and green lines indicate the Bbox1 and Bbox2 within the conserved B‐box domain, the yellow line indicates the conserved CCT domain. (b) A phylogenetic analysis of the CmBBX8 sequence with other *A. thaliana* BBXs. Bootstrap values indicate the divergence of each branch, and the scale shows branch length.](PBI-18-1562-g001){#pbi13322-fig-0001}

Transcriptional profiling of *CmBBX8* in cv. 'Yuuka' {#pbi13322-sec-0004}
----------------------------------------------------

To investigate the potential function of *CmBBX8* in regulation of flowering time, its expression in different organs including apical meristem, leaves, stems and roots at vegetative stages with quantitative RT‐PCR (qRT‐PCR) was evaluated. *CmBBX8* was abundantly transcribed in the apical meristem, leaves, stems and roots of cv. 'Yuuka' plants sampled at the vegetative stage; the highest abundance of the transcript present was in the leaves (Figure [2](#pbi13322-fig-0002){ref-type="fig"}a). Whether the transcripts of the *CmBBX8* in leaves were under the regulation of a diurnal clock was further investigated. The expression levels of *CmBBX8* revealed oscillations, with a peak occurring at about Zeitgeber time 8 or 12 h from light (ZT8 or ZT12) under LD or SD conditions, followed by a second peak 36 or 32 h later (ZT36 or ZT32; Figure [2](#pbi13322-fig-0002){ref-type="fig"}b). Accordingly, these results showed that *CmBBX8* had a diurnal‐controlled expression that it responded to day length, as was similarly the case for *CmFTL1* (Figure [S1](#pbi13322-sup-0001){ref-type="supplementary-material"}).

![Transcription profiling of *CmBBX8* in cv. 'Yuuka'. (a) qRT‐PCR‐based profiling in various parts of plants harvested at the vegetative stage. Letters above the bars indicates significant differences as determined by Tukey's (honestly significant difference) HSD test (*P* \< 0.05). (b) The transcriptional response to varying the photoperiod. The abscissa indicates the sampling time point; white and black horizontal bars below the axis represent light and dark periods, respectively. Values shown are means (*n *= 3), and the error bars represent the SE.](PBI-18-1562-g002){#pbi13322-fig-0002}

CmBBX8 localizes to the nucleus and has transactivational activity {#pbi13322-sec-0005}
------------------------------------------------------------------

To obtain evidence that CmBBX8 acted as a transcription factor, the subcellular localization of CmBBX8 was investigated by transiently expressing in tobacco with a transgene comprising *CmBBX8* fused to *GFP* and driven by the CaMV 35S promoter. In transformed cells, GFP activity overlapped with that of the nuclear marker (D53‐mCherry), while in cells transformed with the p35S::GFP control plasmid, GFP activity was observed in both the cytoplasm and the nucleus (Figure [3](#pbi13322-fig-0003){ref-type="fig"}a). As a test to further determine CmBBX8's capacity for transactivation, the gene was fused to the GAL4‐binding domain (BD) and expressed in yeast strain Y2H. The CmBBX8‐BD fusion exhibited a stronger level of transcriptional transactivation than did the BD control (Figure [3](#pbi13322-fig-0003){ref-type="fig"}b). A deletion analysis to determine which segments of the protein were responsible for its transcriptional activated activity showed that the key segment lay between the conserved B‐box and the CCT domain (Figure [3](#pbi13322-fig-0003){ref-type="fig"}b). Together, these data show that CmBBX8 may regulate the transcripts of downstream genes as a transcriptional activator.

![The subcellular localization and transcriptional activation of *CmBBX8*. (a) Transient expression of a p*35S::GFP*‐*CmBBX8* fusion transgene in tobacco (*N. benthamiana*). The top row reports the effect of the control p*35S:*:*GFP* transgene and the lower row that of the test transgene p*35S::GFP*‐*CmBBX8*. Bars = 30 μm. (b) Transcriptional transactivation in yeast. The left panel illustrates the segments of CmBBX8 tested. SD/His‐/Ade‐: SD medium lacking histidine and adenine; X‐α‐gal: SD/His‐/Ade‐ medium containing 20 m[m]{.smallcaps} X‐α‐gal.](PBI-18-1562-g003){#pbi13322-fig-0003}

Overexpression of *CmBBX8* accelerates floral transition in cv. Yuuka {#pbi13322-sec-0006}
---------------------------------------------------------------------

To establish whether CmBBX8 participates in regulating flowering time, a set of 20 transgenic plants in which *CmBBX8* was overexpressed (*CmBBX8*‐OX plants) and four in which *CmBBX8* was specifically knocked down using an artificial microRNA (amiR‐*CmBBX8* plants) was obtained. From both transgenic types, three lines were selected (Figure [S2](#pbi13322-sup-0001){ref-type="supplementary-material"} and Figure [4](#pbi13322-fig-0004){ref-type="fig"}a, b) in order to assess the effect of CmBBX8 on phenotype. The OX plants grown under LD conditions initiated their first involucral primordia 50 days after transplanting, while (wild type) WT plants required 70 days to reach this developmental stage; at this time point, the OX plants had already reached the bud breaking stage, but the WT plants were still at the bud formation stage (Figure [4](#pbi13322-fig-0004){ref-type="fig"}c). In contrast, amiR plants did not reach the involucral primordium initiation stage until 85 days after transplanting and reached each of the subsequent flowering stages later than WT plants (Figure [4](#pbi13322-fig-0004){ref-type="fig"}c); in addition, the overexpression was shorter than WT and the amiR lines (Figure [S3](#pbi13322-sup-0001){ref-type="supplementary-material"}). *CmBBX8*‐OX also accelerated flowering under SD conditions (Figure [S3](#pbi13322-sup-0001){ref-type="supplementary-material"}).

![The phenotype of *CmBBX8‐*OX and amiR‐*CmBBX8* plants grown under LD conditions. (a) A qRT‐PCR assay for quantifying the abundance of *CmBBX8* transcript in *CmBBX8*‐OX plants. Values shown are means (*n *= 3). Letters above the bars indicate significant differences as determined by Tukey's HSD test (*P* \< 0.05). (b) A qRT‐PCR assay for quantifying the abundance of *CmBBX8* transcript in amiR‐*CmBBX8* plants. Values shown are means (*n *= 3). Letters above the bars indicate significant differences as determined by Tukey's HSD test (*P* \< 0.05). (c) The phenotype and developmental progression of cv. 'Yuuka' and the *CmBBX8* transgenic lines. Statistics based on \>20 seedlings per genotype. Bar = 2 mm.](PBI-18-1562-g004){#pbi13322-fig-0004}

In a previous report, *CONSTANS‐LIKE 9* (*COL9*, *AtBBX7*) was found to delay floral transition in Arabidopsis (Cheng and Wang, [2005](#pbi13322-bib-0008){ref-type="ref"}; Imtiaz *et al.*, [2015](#pbi13322-bib-0029){ref-type="ref"}). *A. thaliana* transgenics harbouring a p35S::*CmBBX8* construct flowered earlier than WT plants, different from *AtBBX7* (Figure [S4](#pbi13322-sup-0001){ref-type="supplementary-material"}). Taken together, these results imply that CmBBX8 plays a same role in the regulation of flowering time in both chrysanthemum and Arabidopsis.

Differential transcription is induced by manipulating the transcription of *CmBBX8* {#pbi13322-sec-0007}
-----------------------------------------------------------------------------------

The transcripts of *CmBBX8* were regulated by light and diurnal clock, indicating that it is probably involved in the photoperiod pathway of flowering. An RNA‐seq analysis was used to identify which genes were differentially transcribed in amiR line \#3. The outcome was a set of 9357 up‐regulated and 16 867 down‐regulated genes (Figure [S5](#pbi13322-sup-0001){ref-type="supplementary-material"}). Based on the expression pattern of *CmBBX8* and its regulation of flowering time, we focused on differentially transcribed genes (DTGs) involved in the flowering pathways. Mainly, three of the differentially expressed genes were likely in the photoperiod pathway (Table [S1](#pbi13322-sup-0001){ref-type="supplementary-material"}); based on their homology with *A. thaliana* sequences, they were designated *CmGI*, *CmPRR7* and *CmEMF2.2* (Figure [S6](#pbi13322-sup-0001){ref-type="supplementary-material"} and Table [S1](#pbi13322-sup-0001){ref-type="supplementary-material"}). In addition, the gene *CmFTL1* was more significantly down‐regulated than other genes in amiR line \#3 (Table [S1](#pbi13322-sup-0001){ref-type="supplementary-material"}). A qRT‐PCR assay confirmed the down‐regulation of *CmGI*, *CmPRR7* and *CmFTL1* in the amiR plants and their up‐regulation in OX plants (Figure [5](#pbi13322-fig-0005){ref-type="fig"}a, b). These results indicated that the expression patterns of the DTGs were generally consistent with RT‐PCR. Therefore, *CmFTL1*, a flowering integration factor, could most likely be directly regulated by CmBBX8.

![CmBBX8 regulates the expression of *CmFTL1*. (a) A qRT‐PCR‐based transcriptional profiling of flowering time control genes in plants harbouring the p*35S:*:*GFP*‐*CmBBX8* transgene grown under LD conditions. (b) A qRT‐PCR‐based transcriptional profiling of flowering time control genes in plants harbouring the amiR‐*CmBBX8* transgene exposed to LD conditions. Values shown are means (*n* = 3). Asterisk above the bars indicate significant differences as determined by Tukey's HSD test (*P* \< 0.05).](PBI-18-1562-g005){#pbi13322-fig-0005}

DNA--protein interactions involving CmBBX8 {#pbi13322-sec-0008}
------------------------------------------

EMSA, LUC and ChIP‐qPCR assays were used to characterize DNA--protein interactions involving CmBBX8. According to Gnesutta *et al.* ([2017](#pbi13322-bib-0019){ref-type="ref"}), the *CmFTL1* promoter harbours the CORE element (CCACA) (annexed table). The EMSA suggested that CmBBX8 was able to bind *in vitro* to the *CmFTL1* promoter (Figure [6](#pbi13322-fig-0006){ref-type="fig"}a), a conclusion further supported by experiments based on both luciferase activity (Figure [6](#pbi13322-fig-0006){ref-type="fig"}b) and ChIP‐qPCR (Figure [6](#pbi13322-fig-0006){ref-type="fig"}c). These results showed protein--DNA interaction occurred between CmBBX8 and the proximal region CORE element (CCACA) of the *CmFTL1* promoter. Taking together, we conclude that CmBBX8 regulates *CmFTL1* directly.

![CmBBX8 binds to the promoter of *CmFTL1*. (a) EMSA assay: from left to right: free combination reactions with biotin‐labelled probe; His‐tag with biotin‐labelled probe; CmBBX8 protein with biotin‐labelled probe and 1x unlabelled probe; CmBBX8 protein with biotin‐labelled probe; CmBBX8 protein with biotin‐labelled probe and 50× unlabelled probe; CmBBX8 protein with biotin‐labelled probe and 5× unlabelled probe; CmBBX8 protein with biotin‐labelled mutant probe; CmBBX8 protein with biotin‐labelled probe and 50× mutant probe (the large artefacts at the free probe level might be due to the holding by forceps). (b) The transient expression in *N. benthamiana* leaves of the p*CmFTL1::LUC* transgene. The intensity of LUC activity is colour‐coded. (c) ChIP‐PCR assay. CCACA: a combination of components (CORE) in the *CmFTL1* promoter; P1--P6: various segments of the promoter sequence, of which P1, P5 and P6 contain the CORE element. Values shown are means (*n *= 3). Letters above the bars indicate significant differences as determined by Tukey's HSD test (*P* \< 0.05).](PBI-18-1562-g006){#pbi13322-fig-0006}

*CmFTL1* promotes flowering in summer‐flowering chrysanthemum grown under LD conditions {#pbi13322-sec-0009}
---------------------------------------------------------------------------------------

Weak floral induceric activity of CmFTL1 was indicated in the previous reports (Higuchi *et al.*, [2013](#pbi13322-bib-0025){ref-type="ref"}; Mao *et al.*, [2016](#pbi13322-bib-0043){ref-type="ref"}). The induction of flowering exerted by *CmFTL1* in cv. 'Yuuka' plants raised under LD conditions was investigated by observing the behaviour of the OX and amiR plants (Figure [7](#pbi13322-fig-0007){ref-type="fig"}a, b and Figure [S7](#pbi13322-sup-0001){ref-type="supplementary-material"}). WT plants had entered the budding stage by 72 days after transplanting, a stage which had been reached by the OX plants 12 days earlier; meanwhile, the amiR plants were delayed by 20--63 days, depending on the extent of the down‐regulation achieved by the amiR transgene (Figures [7](#pbi13322-fig-0007){ref-type="fig"}c, d and [S7](#pbi13322-sup-0001){ref-type="supplementary-material"}). Thus, these results showed that *CmFTL1* can act as floral inducer under LD and play a central role in the flowering time of summer chrysanthemum.

![Transcription profiling and phenotype of *CmFTL1* in summer‐flowering chrysanthemum plants grown under LD conditions. (a) Validation of the transgenic status of amiR‐*CmFTL1*. (b) Validation of the transgenic status of *CmFTL1*‐OX plants, based on a qRT‐PCR assay. Letters above the bars indicate significant differences as determined by Tukey's HSD test (*P* \< 0.05). (c) The number of days required by *CmFTL1*‐OX and amiR‐*CmFTL1* plants to reach flowering. (d) The phenotypic consequence of overexpressing *CmFTL1.* CK: WT cv. 'Yuuka'; OX‐*CmFTL1* lines \#7, \#8 and \#16: three independent *CmFTL1‐OX* plants. Bar = 1 cm and of knocking down *CmFTL1.* CK: cv. 'Yuuka'; amiR*‐CmFTL1* lines \#17, \#80: two independent amiR‐*CmFTL1* plants. Bar = 1 cm.](PBI-18-1562-g007){#pbi13322-fig-0007}

Discussion {#pbi13322-sec-0010}
==========

CmBBX8 accelerates flowering by binding to the *CmFTL1* promoter {#pbi13322-sec-0011}
----------------------------------------------------------------

The flowering regulation by BBX proteins was studied extensively. CO has long been recognized as a central regulator of the photoperiod‐responsive floral transition (Putterill *et al.*, [1995](#pbi13322-bib-0048){ref-type="ref"}). Some CO‐like proteins act as floral activators, while others act as repressors (Kurokura *et al.*, [2017](#pbi13322-bib-0039){ref-type="ref"}). FvCO and AtCO played a major role in the photoperiodic control of flowering in *Fragaria vesca* (Kurokura *et al.*, [2017](#pbi13322-bib-0039){ref-type="ref"}) and *Arabidopsis* (Putterill *et al.*, [1995](#pbi13322-bib-0048){ref-type="ref"})*,* respectively. OsCO3 primarily controlled flowering time by negatively regulating *Hd3a* and *FTL* expression under SD conditions in rice (Kim *et al.*, [2008](#pbi13322-bib-0032){ref-type="ref"}). A number of them have been shown to influence traits unrelated to flowering, such as stem height in alfalfa (Herrmann *et al.*, [2010](#pbi13322-bib-0023){ref-type="ref"}) and the photoperiodic response of stem elongation in Norway spruce (*Picea abies*; Holefors *et al.*, [2009](#pbi13322-bib-0026){ref-type="ref"}). The overexpression of *COL5* in *A. thaliana* plants grown under SD conditions promotes flowering (Hassidim *et al.*, [2009](#pbi13322-bib-0022){ref-type="ref"}). While CmBBX8 appeared to accelerate flowering by activating the *CmFTL1* promoter (Figure [6](#pbi13322-fig-0006){ref-type="fig"}), AtBBX7 (a homolog of AtBBX8) delays flowering by repressing *CO* and *FT* (Cheng and Wang, [2005](#pbi13322-bib-0008){ref-type="ref"}). The rice homologs *OsCOL9* (*BBX7*) and *OsCOL10* (*BBX8*) encode products which act in a similar way to the *A. thaliana* ones (Cheng and Wang, [2005](#pbi13322-bib-0008){ref-type="ref"}; Liu *et al.*, [2016](#pbi13322-bib-0041){ref-type="ref"}; Tan *et al.*, [2016](#pbi13322-bib-0058){ref-type="ref"}). It should be noted that OsCOL10 lacks one B‐box domain, which may contribute to the different flowering function (Tan *et al.*, [2016](#pbi13322-bib-0058){ref-type="ref"}).

CmBBX8 targeted the *CmFTL1* promoter at a CORE element close to the gene's ATG transcription initiation codon, even though there were two other suitable CORE elements lying in the distal region of the promoter (Figure [6](#pbi13322-fig-0006){ref-type="fig"}c). In the Arabidopsis genome, only \~ 15% of the CTCTGYTY motifs are bound by the enzyme REF6, and the authors speculated that not only the motifs are necessary for the binding, but also DNA methylation combination with other epigenetic modifications plays a role in the contribution of the binding (Qiu *et al.*, [2019](#pbi13322-bib-0049){ref-type="ref"}). Therefore, only the element in the proximal region of the *CmFTL1* promoter was bound by the CmBBX8 most strongly, which might be due to the local different epigenetic modifications.

Variation on the regulation of flowering in the summer chrysanthemum 'Yuuka' {#pbi13322-sec-0012}
----------------------------------------------------------------------------

Shortening the vegetative phase is a significant breeding goal of many arable and horticultural crop species improvement programmes. The timing of the switch from vegetative to reproductive growth depends on a balance of floral inducers and anti‐floral inducer within the plant, which in turn is strongly influenced by environmental cues such as photoperiod and temperature. A major 'floral inducer', FT is discovered in Arabidopsis mutants firstly as the integrator of flowering activator in plant species (Turck *et al.*, [2008](#pbi13322-bib-0059){ref-type="ref"}). Usually, FT and TSF promote flowering as in Arabidopsis, rice and soya bean (Corbesier *et al.*, [2007](#pbi13322-bib-0010){ref-type="ref"}; Kim *et al.*, [2013](#pbi13322-bib-0033){ref-type="ref"}; Komiya *et al.*, [2009](#pbi13322-bib-0036){ref-type="ref"}; Kong *et al.*, [2010](#pbi13322-bib-0037){ref-type="ref"}). Indeed, rice never flowers once two FT homologs are inactivated (Komiya *et al.*, [2008](#pbi13322-bib-0035){ref-type="ref"}). Hd1, the rice CO homolog, acts as a transcriptional repressor of FT under LD conditions, while it activates *Hd3a* and *RFT1* expression under SD conditions (Song *et al.*, [2010](#pbi13322-bib-0055){ref-type="ref"}). In poplar (*Populus trichocarpa*), the activation of *FT* can also be altered in response to photoperiod (Hsu *et al.*, [2011](#pbi13322-bib-0028){ref-type="ref"}). Besides modulating *FT* transcripts in response to different environmental factors, there are multiple FT‐related genes in many plants (Higuchi, [2018](#pbi13322-bib-0024){ref-type="ref"}). The products of the two *FT* paralogs harboured by the beet (*Beta vulgaris*) genome act antagonistically and interact to determine the plants' flowering time (Pin *et al.*, [2010](#pbi13322-bib-0047){ref-type="ref"}). BvFT1 is also involved in vernalization pathway, which provides a flexibility of networks using FT signalling. The chrysanthemum harbours three *FT‐like* genes, *CsFTL1*, *CsFTL2* and *CsFTL3.* CsFTL3 acts as a short‐day floral inducer, while *CsFTL1* expression is repressed in short day (Oda *et al.*, [2011](#pbi13322-bib-0045){ref-type="ref"}). In autumn‐flowering, chrysanthemum flowering time is majorly regulated by the photoperiod pathway under SD, and the GA signalling pathway predominated for flowering under LD (Dong *et al.*, [2017](#pbi13322-bib-0014){ref-type="ref"}), while the antiflorigen function of AFT under LD obligates the flowering only under SD (Higuchi *et al.*, [2013](#pbi13322-bib-0025){ref-type="ref"}). In summer‐flowering chrysanthemum, flowering might be promoted by the photoperiod and GA pathways under SD, and by the T6P and sugar signalling pathways under LD, while the flowering time is delayed by PHYB under LD (Ren *et al.*, [2016](#pbi13322-bib-0050){ref-type="ref"}). In our study, it was revealed *CmFTL1* regulated flowering time in cv. 'Yuuka' (Figure [S7](#pbi13322-sup-0001){ref-type="supplementary-material"}), and *CmFTL1* and *CmBBX8* harboured the same pattern of response to day length (Figures [2](#pbi13322-fig-0002){ref-type="fig"}, [S1](#pbi13322-sup-0001){ref-type="supplementary-material"}). Moreover, CmBBX8 was able to regulate the expression of *CmFTL1* directly under diurnal‐controlled daylight (Figures [2](#pbi13322-fig-0002){ref-type="fig"}, [5](#pbi13322-fig-0005){ref-type="fig"}, [S1](#pbi13322-sup-0001){ref-type="supplementary-material"}, [S9](#pbi13322-sup-0001){ref-type="supplementary-material"}). Therefore, these examples of the FT signalling system underline the flexibility available for the regulation of flowering time offered by exploiting the various pathways which rely on FT.

Materials and methods {#pbi13322-sec-0013}
=====================

Plant materials and growing conditions for rhythm expression analysis {#pbi13322-sec-0014}
---------------------------------------------------------------------

Rooted cuttings of *Chrysanthemum morifolium* cv. 'Yuuka' (obtained from Nanjing Agricultural University's Chrysanthemum Germplasm Resource Preserving Center) were raised in a mixture of perlite, meteorite and soil, then transplanted into a mixture of peat, soil and perlite and held for two weeks under LD conditions (16‐h/8‐h photoperiod), a constant temperature of 23 °C and a relative humidity was 40%. When the plants had formed 15--19 fully expanded leaves, they were transplanted into a cabinet supplying either a 16‐h or an 8‐h photoperiod; in each case, the temperature was maintained at a constant 23 °C.

Quantification of flowering time {#pbi13322-sec-0015}
--------------------------------

The number of days required for the first flower to appear at any node in the main stem was taken as the flowering time (Fehr *et al.*, [1971](#pbi13322-bib-0017){ref-type="ref"}). Plants were recognized as having entered the early blooming stage (EB stage) when at least 50% of the ray flowers were unfolding (Blanchard and Runkle, [2009](#pbi13322-bib-0004){ref-type="ref"}). When OX plants appeared small size bud, apical meristem of amiR plants at flower bud differentiation stage was observed through microscopic. The other flowering stages to be timed were the appearance of the first flower buds, the development of flower buds, the opening of the first flower and full bloom (Yang *et al.*, [2014](#pbi13322-bib-0062){ref-type="ref"}). Measurements were based on the performance of at least 20 plants per treatment.

The isolation of *CmBBX8* and the analysis of its structure and phylogeny {#pbi13322-sec-0016}
-------------------------------------------------------------------------

RNA was extracted from cv. 'Yuuka' leaf tissue using the TRIzol reagent (Invitrogen, New York). The *CmBBX8* ORF sequence was amplified using the primer pair CmBBX8‐F/‐R (annexed table), and the resulting amplicon was inserted into the pMD19‐T plasmid (Takara, Beijing, China) for the purpose of sequencing. The domain content of the CmBBX8 sequence was inferred by querying the Conserved Domains database ([www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi](http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)). The sequences of BBX8 homologs were recovered from GenBank and used to construct a multiple sequence alignment with the help of Clustal X v2.1 software (Aiyar, [2000](#pbi13322-bib-0001){ref-type="ref"}). The phylogeny of a set of BBX sequences was derived using MEGA v5.05 software (Tamura *et al.*, [2007](#pbi13322-bib-0057){ref-type="ref"}), applying the neighbour‐joining algorithm with 1000 bp replications.

Chrysanthemum transformation {#pbi13322-sec-0017}
----------------------------

The *CmBBX8* and *CmFTL1* ORF sequences were amplified using primer pairs (*CmBBX8*‐F/*CmBBX8*‐R; *CmFTL1*‐F/*CmFTL1*‐R) to introduce, respectively, a *Bam*H I and an *Eco*R I recognition site (*CmBBX8(B)*‐F/*CmBBX8(E)*‐R), and a *Kpn* I and an *Xho* I (*CmFTL1(K)*‐F/*CmFTL1(X)*‐R) recognition site (annexed table). The resulting pENTR1A‐CmBBX8 and pENTR1A‐CmFTL1 constructs were digested by *Pvu* I, in order to apply the LR recombination reaction as a way of constructing the overexpression plasmid pMDC43 (Curtis and Grossniklaus, [2003](#pbi13322-bib-0011){ref-type="ref"}). The pMDC43 vector harbours the reporter gene GFP driven by the CaMV 2 × 35S promoter. The construction methods of pMDC32‐amiR‐*CmBBX8* and pMDC32‐amiR‐*CmFTL1* were followed as reported by Schwab *et al.*([2006](#pbi13322-bib-0052){ref-type="ref"}). The amiRNA‐containing precursor generated by amplifying miR319 template with pairs of overlapping primers (I/II/III/IV/A/B/) was inserted into the pENTR1A via its *Pst* I/*Bam*H I and *Sal* I/*Not* I sites to apply the LR recombination reaction as a way of constructing overexpression plasmid pMDC32. The OX (pMDC43‐*CmBBX8* and pMDC43‐*CmFTL1*) and amiR knockdown (pMDC32‐amiR‐*CmBBX8* and pMDC32‐amiR‐*CmFTL1*) constructs were introduced into *Agrobacterium tumefaciens* strain EHA105 and from thence into chrysanthemum using the leaf vacuum method (Simmons *et al.*, [2009](#pbi13322-bib-0053){ref-type="ref"}). DNA was extracted from selected plants using a rapid plant Genomic DNA Isolation Kit (Sangon Biotech, Shanghai, China) following the manufacturer's protocol, and used as a template to verify the plants' transgenic status using the primer pair 35S‐F/gene‐R, as listed in annexed table.

Floral dip for *Arabidopsis thaliana* transformation {#pbi13322-sec-0018}
----------------------------------------------------

*CmBBX8* was heterologously expressed in *A. thaliana* by introducing the pENTR1A‐*CmBBX8* (containing stop codon) construct using the primers *CmBBX8 (B)‐F*/*CmBBX8 (E + Z)‐R*, recombined into the final vector pBCKH using the LR recombination reaction (Hanano and Goto, [2011](#pbi13322-bib-0021){ref-type="ref"}). The floral‐dip method was used for Agrobacterium‐mediated transformation (Clough and Bent, [1998](#pbi13322-bib-0009){ref-type="ref"}). Afterwards, DNA was extracted by rapid plant Genomic DNA Isolation Kit (Sangon Biotech, Shanghai, China) following the manufacturer's protocol, and the T1‐T3 seedlings were identified in DNA level with primer (*35S‐F*; *gene‐R*) listed in annexed table. The mutant *bbx7* (SALK_137167) was obtained from the Arabidopsis Information Resource ([www.arabidopsis.org/](http://www.arabidopsis.org/)) and identified with primer (LBb1.3;*bbx7*‐F; *bbx7*‐R) in annexed table.

qRT‐PCR analysis {#pbi13322-sec-0019}
----------------

RNA was extracted from plant tissue using the TRIzol reagent (Invitrogen, New York) and 1 μg aliquot was reverse‐transcribed into cDNA using M‐MLV reverse transcriptase (Takara, Beijing, China) in the presence of oligo (dT), following the manufacturer's protocol. A 5 μL aliquot of the resulting cDNA was diluted 20‐fold to act as the template of a 20 µL qRT‐PCR based on a SYBR Premix Ex Taq™ Kit (Takara, Beijing, China). The qRT‐PCR involved an initial denaturation (95 °C/2 min), followed by 40 cycles of 95 °C/15 s, 60 °C/15 s and 72 °C/15 s. The primer pair (q*CmBBX8*‐F, q*CmBBX8*‐R) used to amplify *CmBBX8* cDNA is given in annexed table. Estimates of transcript abundance were based on the mean of three biological replicates and were calculated using the 2^−ΔΔCT^ method (Livak and Schmittgen, [2001](#pbi13322-bib-0042){ref-type="ref"}). The reference sequence was chrysanthemum *EF1α* (KF305681.1).

Subcellular localization of CmBBX8 {#pbi13322-sec-0020}
----------------------------------

The p*35S::GFP*‐*CmBBX8* (pMDC43) construct was introduced into tobacco epidermal cells with Agrobacterium‐infiltrated tobacco (*Nicotiana benthamiana*) leaves (Wang and Zhang, [2012](#pbi13322-bib-0060){ref-type="ref"}). After holding the samples for 16--30 h at 22 °C, the material was monitored for GFP activity using laser scanning confocal microscopy. Control samples were transformed with an empty pMDC43 empty vector.

Transactivation analysis of CmBBX8 {#pbi13322-sec-0021}
----------------------------------

Three segments of the CmBBX8 sequence were considered separately: the segment which encodes the B‐box motifs (Cm‐BBX8‐B‐boxes), the segment which encodes the CCT domain (Cm‐CCT) and the lack of CCT domain (Cm‐∆CCT). The three segments were amplified using primers pairs designed to incorporate an *Eco*R I at one end of the amplicon and a *Bam*H I site at the other end (annexed table), following a *Bam*H I/*Eco*R I digest and a subsequent DNA ligase reaction. The resulting constructs were transformed into yeast strain Y2H. Yeast cells were cultured on either synthetic drop‐out (SD)/Leu^‐^ or SD/Trp^‐^ media for three days at 30°C and then transferred to SD/His^‐^Ade^‐^ plates in either the presence or absence of X‐Gal. Transactivation was inferred when the yeast cells formed blue colonies.

Transient expression assays in tobacco and luciferase imaging {#pbi13322-sec-0022}
-------------------------------------------------------------

The *CmFTL1* promoter sequence was amplified from a template of cv. 'Yuuka' DNA using the primer pair *CmFTL1*pro‐F,*CmFTL1*pro‐R (annexed table) with *Xma* I/*Bam*H I and inserted into the pCAMB1A 1381Z‐Luc vector which contains a reporter gene encoding firefly luciferase (kindly provided by Dr. Huazhong Shi, Texas Tech University, Lubbock, TX). *A. tumefaciens* strain GV3101 harbouring p*CmFTL1*::*LUC* and p*35S::GFP‐CmBBX8* was grown in infiltration medium (2 m[m]{.smallcaps} Na~3~PO~4~, 50 m[m]{.smallcaps} MES, 100 m[m]{.smallcaps} acetosyringone) to an OD~600~ of 0.5 and then introduced via a syringe into the leaf of a 6‐ to 7‐week‐old *Nicotiana benthamiana* plant. After 48--96 h, a CCD camera was used to observe luciferase activity following the method given by Kost *et al.*([1995](#pbi13322-bib-0038){ref-type="ref"}).

Electrophoretic mobility shift assay (EMSA) {#pbi13322-sec-0023}
-------------------------------------------

The necessary biotin 3′‐end labelled sequences harbouring putative binding sites in the promoter *CmFTL1* by CmBBX8 were synthesized by Generay (Shanghai, China), based on the primer pairs given in annexed table. The subsequent EMSAs were performed using a LightShift™ Chemiluminescent EMSA Kit (Thermo Fisher, New York), following the manufacturer's protocol. The resulting samples were loaded onto a pre‐run native 6.5% polyacrylamide gel, using TBE buffer as the electrolyte. After electro‐blotting onto a nylon membrane (Millipore, Darmstadt, Germany) and UV cross‐linking (2000J for 5 min), the membrane was incubated in blocking buffer for 30 min and rinsed in washing buffer. Finally, a CCD camera was used to visualize the chemiluminescent signal.

Chromatin immunoprecipitation assay (ChIP) {#pbi13322-sec-0024}
------------------------------------------

ChIP assays were performed following Bowler *et al.* ([2004](#pbi13322-bib-0006){ref-type="ref"}). Briefly, 1.5 g of leaf was harvested from 2‐week‐old seedlings harbouring p*35S::GFP*‐*CmBBX8* grown under LD conditions at ZT 8 h (three replicates of each sample from lines \#6 and \#8) and subjected to formaldehyde cross‐linking. The resulting chromatin preparations were purified using a Qiagen Plasmid Extraction Kit (Hilden, Germany), following the manufacturer\'s protocol. Subsequent qRT‐PCR was performed based on the primer pairs given in annexed table (P1‐P6). The 'fold enrichment method' was used for qPCR data (Lacazette, [2016](#pbi13322-bib-0040){ref-type="ref"}). Means were compared using Tukey's honestly significant difference (HSD) test, with a significance threshold of 0.05.

RNA extraction, transcriptome sequencing and bioinformatic analysis {#pbi13322-sec-0025}
-------------------------------------------------------------------

RNA was extracted from stem apical meristems and leaves of plants grown under LD conditions and sampled at ZT 10 from plants bearing 14 leaves (three replicates of each sample) using an RNA Isolation Kit (Waryong, Beijing, China) following the manufacturer's protocol, and the RNA formed combining equal quantity from each biological replicate was subjected to Illumina sequencing at Beijing Genomics institution (Shenzhen, China) using the BGISEQ‐500 platform. Annotation was based on seven functional databases (KEGG, GO, NR, NT, SwissProt, Pfam and KOG), and the TransDecoder was used to identify the candidate CDS regions. A *Q* value \< 0.05 and FPKM\> 0.3 were regarded as the criteria for differential genes referring to the method (Rteam *et al.*, [2014](#pbi13322-bib-0051){ref-type="ref"}) and fold change calculation method referred to Yang *et al.*([2014](#pbi13322-bib-0062){ref-type="ref"}). The three parts (up‐regulation, down‐regulation and non‐DEG) were analysed with scatter diagram in Excel to obtain the volcano plot. The KEGG metabolic pathways, the differential genes involved, are divided into five branches (cellular processes, environmental information processing, genetic information processing, metabolism and organismal systems). Gene ontologies include three functional categories: molecular function, cellular component and biological process. Functional classification was conducted according to the results of differential gene testing. GO classify and KEGG pathway classify method was described by Du *et al.*([2016](#pbi13322-bib-0015){ref-type="ref"}) and Jia *et al.*([2006](#pbi13322-bib-0031){ref-type="ref"}).

Western blotting {#pbi13322-sec-0026}
----------------

The third leaves (counted back from the apical stem) were sampled from plants grown for 3 weeks. Protein was extracted by incubation in 50 m[m]{.smallcaps} Tris‐HCl (pH 8.0), 150 m[m]{.smallcaps} NaCl, 1% (v/v) NP‐40, 0.5% (w/v) sodium deoxycholate and 1 m[m]{.smallcaps} PMSF, and subjected first to SDS‐PAGE (6.5% acrylamide), and thereafter to Western blotting as described (Han *et al.*, [2005](#pbi13322-bib-0020){ref-type="ref"}) with GFP and actin antibody (Thermo Fisher, New York), respectively.

Statistical analyses {#pbi13322-sec-0027}
--------------------

For statistical significance, Tukey's honestly significant difference (HSD) test was employed. The difference was considered significant at *P* \< 0.05 for all qPCR data.
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